Introduction
The internal surfaces of the respiratory tract provide an extensive interface directly exposed to the external environment, as 10,000 to 20,000 L of air are inhaled each day. This air often contains a variety of gases and suspended particles resulting from anthropogenic activities that have the potential to produce injury upon contact with airway tissue. Although the lungs maintain a number of defenses that protect them from the adverse effects of these pollutants, many inhaled chemicals may alter the effectiveness of these defenses making the lungs more susceptible to disease (1) .
One of the major functions of lung defense is the physical removal of inhaled particles that contact and deposit upon airway surfaces, a process known as clearance. By affecting residence time in the lungs, the rate and extent with which particles are removed frequently plays a role in determining the ultimate risk from exposure for the particles themselves or for other inhaled material. Both gaseous and particulate pollutants may alter clearance efficiency by affecting various aspects of the system, which differs in different parts of the lungs. In the tracheobronchial tree, clearance occurs via the movement of a mucous layer by the coordinated beating of respiratory cilia. On the other hand, the major mechanism of clearance from the gas-exchange region of the lungs is via specialized cells, the alveolar macrophages.
This paper discusses the comparative effects of three important ambient air pollutants upon two aspects of lung defense related to clearance function, specifically, mucociliary transport, as assessed by physiological measurements of the clearance of tracer particles from the tracheobronchial tree, and a critical macrophage function, phagocytosis, as assessed by examination of cells recovered by lavage following pollutant exposure.
The specific pollutants assessed are ozone (03), nitrogen dioxide (NO2), and sulfuric acid (H2SO4). The NO2 should react with these same constituents, and its toxicity may be due in whole or in part to direct oxidation. On the other hand, unlike 03 , NO2 may produce nitric and nitrous acids when it is absorbed into lung fluids, with resultant toxicity due to this secondary production of acids (5) . Furthermore, nitrite (NO 2), also produced by reaction in water, may result in oxidative damage (6) (7) (8) .
Methods
For the most part, methodological details are provided elsewhere and are only broadly described herein. All exposures used male New Zealand white rabbits (2.5-2.7 kg). Submicrometer [0.3 Mm mass median aerodynamic diameter (MMAD)] H2SO4 aerosols were generated via nebulization from dilute aqueous (0.01-0.1 N) solutions, and mass concentration was determined by turbidometric or calorimetric analyses (9) . Delivery air was maintained at 240C, 75% relative humidity (RH); exposures were via oral tube (10) .
Exposures to 03 or NO2 were performed in 1.6 m3 stainless-steel dynamic exposure chambers, maintained at 230C, 60% RH (11, 12) . 03 was produced by passing oxygen through an ultraviolet 03 generator; NO2 was generated from an NO2 cylinder (0.5% in N2). Concentrations were varied by diluting the gas stream with filtered room air. The chamber concentration of 03 was continuously monitored with an ultraviolet photometer, while that for NO2 was monitored with an NO. chemiluminescent analyzer. (13, 14) .
The results of each clearance test were quantitatively described in terms of a parameter termed mean residence time (MRT). This represents the mean time, over the measurement period, that tracer particles that initially deposited in the tracheobronchial tree reside there. MRT is derived by computer integration of the clearance curve, i.e., the retention curve corrected for residual activity remaining at 24-hr post-tracer exposure.
Alterations in mucociliary clearance due to pollutant inhalation were assessed as follows: Each rabbit serves as its own control, and a mean control value for MRT is obtained for each animal based on a series of five clearance tests performed prior to any pollutant exposure. The mean MRT for the clearance tests conducted after pollutant exposure is obtained for each rabbit, and a value of %AMRT, i.e., the percentage change in MRT from mean preexposure control, is determined. A group mean percentage change, i.e., %AMRT, is then obtained for the entire cohort for each specific exposure condition.
The statistical significance of %oAMRT was initially assessed using the Kruskal-Wallis test. The significance of %AMRT at any specific exposure level was then compared to that for sham control exposures using a nonparametric multiple-comparison test. The level of significance chosen was p = 0.05. Figure 1 shows %AMRT after 2-hr exposures to H2SO4, NO2, and O3; the data for H2SO4 and 03 have been previously reported (3, 15) . Exposure to H2SO4 resulted in a significant retardation of clearance at the highest level used, i.e., 1 mg/mi3. Exposure to NO2 at concentrations ranging from 0.58 mg/m3 (0.3 ppm) to 18.61 mg/m3 (10 ppm) produced no significant alteration in mucociliary clearance from the bronchial tree. On the other hand, exposures to 03 at 0.20 to 1.22 mg/m3 (0.1-1 ppm) produced significant retardation of bronchial clearance only at the highest level.
The results of the 2-hr exposures to H2SO4 should not bAbbreviations: C, mucociliary clearance; M, bronchopulmonary lavage for macrophages.
End pointb
(17) (17) (15) (15) (15) ducting airways than does NO2 in terms of altering mucociliary clearance, but the greatest impact in this regard is due to H2SO4. It is evident from Figure 1 that H2SO4 appears to be more potent than 03 in altering mucociliary clearance; for example, a 2-hr exposure to 1 mg/m3 H2SO4 produced a greater change than did a 2-hr exposure to the same mass concentration of 03. On the other hand, exposure to NO2 at up to 18 .61 mg/m3 did not alter mucociliary clearance. Thus, neither the production of secondary hydrolysis products from NO2 nor direct oxidation effects were sufficient to change this particular end point. Therefore, it appears that 03 impacts to a greater extent along the conComparative Effects on Macrophage Function: Phagocytosis Alveolar macrophages are the first "line of defense" against particles that deposit in the alveolated airways of the lungs. If the functional integrity of these cells is impaired, subsequent dysfunction of lung defense, e.g., clearance, may result. The internalization and inactivation of deposited particles via phagocytosis is an essential component of macrophage function and is, perhaps, the most important function for the adequate performance of these cells in particle clearance. Pollutantinduced changes in phagocytosis may alter the efficiency of lung defenses; this was examined in cells obtained from rabbits exposed in vivo.
To obtain cells, rabbits were sacrificed immediately (within 1 hr), 1 day, or 7 days after pollutant exposure by injection (IV) of sodium pentobarbital. With techniques described (17) , the lungs were lavaged in situ for recovery of cells, which were characterized by type, viability, and in vitro phagocytic function. Only phagocytic function wvill be discussed here.
Phagocytosis by alveolar macrophages was quantitated by either of two techniques: An attached cell assay was used after H2SO4 exposures (18) ; a cell suspension assay was used after NO2 or 03 exposures (17) . Both techniques assessed the phagocytosis of 3-,m diameter polystyrene latex microspheres. Cells were incubated with the latex for 1 hr, after which time they were fixed, and unphagocytized latex was removed by xylene treatment. Two hundred cells per slide were screened to determine the phagocytic index (PI), i.e., the number of cells containing at least one completely internalized latex particle. This parameter provided a measure of the number of viable cells engaged in phagocytosis at each sacrifice time. Values for phagocytic index were compared between pollutant-exposed and sham-control animals with Dunnett's test. The level of significance chosen was p = 0.05. Figure 2 shows the changes in PI due to pollutant exposure; results for H2SO4 and 03 have been reported previously (17, 19) (No change in viability was observed due to exposure under any condition compared to control.) There are obvious differences between H2SO4, NO2, and 03 in their effects upon phagocytosis. No change was found due to H2SO4. Ozone inhalation resulted in reduced PI at both concentrations, but this reduction was prolonged after the high level exposure. A depression in phagocytosis may be the result of 03 reacting directly with the cells or from products produced in the lung fluid, either resulting, for example, in inhibition of metabolic chains within mitochondria, disruption of membrane receptors, or generalized membrane damage (4, 20) .
Nitrogen dioxide similarly resulted in a depression of phagocytosis at the lowest exposure level; however, enhanced phagocytosis was observed after exposure to the *100 -H,SO. Another series of tests examined the response to mixtures of NO 2 and H+. Nitrite (as NaNO2) stock solutions were prepared using unbuffered MEM-H, and they were adjusted to the desiredpH using sterile 1. Lpresents a reduction in Statistical differences in PI were examined using a twoqumbers in parentheses factor analysis of variance without replication. The Asterisk (*) denotes sigNewman-Keuls test was used to assess differences bederived from Naumann tween individual group means. The level of significance -om Driscoll et al. (17) . chosen was 0.05.
The effects of NO on phagocytosis are shown in Figeffects at the two ure 3. A 2-hr preincubation of macrophages with NO 2 to different active at 1.0 mM to 20.0 mM significantly increased phagocytonisms of NO2 reac-sis when compared to the control with no NO -present. However, because The lowest concentration, 0.5 mM NO-, did not affect Ats presumed to be phagocytosis. A dose-response relationship was not oboratory were made served between NO -concentration and P1. Rather, the )cytosis (21) . As exincrease in phagocytosis plateaued at 10mM, and this epressed phagocyconcentration produced a response similar to that obelative amounts of served after preincubation with 20.0 mM NO 2-. These a factor in producresults do not agree with those of Vassallo et al. (22) , who reported impaired phagocytosis due to NO-. They are, rophages were obhowever, more consistent with the increase in macrovage as previously phage phagocytosis seen after NO2 exposure. The dis-I at a concentration crepancy in the two studies may be due to the choice of with MEM (Hanks test particles used, i.e., bacteria versus latex beads. 2mM L-glutamine,
The phagocytic activity of macrophages at various meLnd 50 ,ug/mL gen-dia pH levels is presented in Figure 4 . Lowering pH (i.e., tension were placed increasing [H + ]) to either 6. Figure 4 is the phagocytic activity of macrophages preincubated for 2 hr at pH 6.2 and 6.8 in the presence of 1.0 mM or 2.0 mM NO -. Whereas phagocytosis was shown to be significantly increased by the presence of either 1.0 or 2.0 mM NO (Fig. 3) 
Conclusions
Based upon work using similar protocols in the rabbit model, this paper evaluated the role that H2S04, NO2, and 03 may play in altering selected aspects of lung clearance function following acute exposures. It is evident that the effectiveness of any inhaled agent is dependent upon the end point examined and that observed responses may be due to actions via different mechanisms that can be exposure concentration dependent in some cases. It is generally accepted that both NO2 and 03 have comparable effects upon the lungs, but that the relative effective concentrations are different; 03 is considered to be almost 10 times as potent as NO2. The results suggest that this proportionality may differ at different exposure levels and may also depend upon the specific end point assessed.
Differences in the relative potency of NO2, 03, and H2SO4 in altering mucociliary clearance may be explained by differences in their regional deposition and/or their reaction following deposition. Submicrometer H2SO4 aerosols should deposit maximally in the tracheobronchial region of the lungs (24) . Dissolution of H2SO4 in the mucus then results in the release of H + . The ability of the mucus to subsequently bind this H + depends upon its buffering capacity and initial pH (25) ; the former can be overwhelmed with sufficiently high H + production. This may result in changes in mucus viscosity and/or ciliary beat, thereby altering clearance rate (2) . In contrast, while NO2 and 03 can be absorbed along the entire tracheobronchial tree, the terminal bronchioles and respiratory region receive the maximum dose (26) . Depending on the reactivity of NO2 and 03 in respiratory tract fluids and the absorption capacity of these fluids, which is a function of their thickness and physiochemical properties, variable percentages of NO2 and 03 are likely to be absorbed in the tracheobronchial region. Although the data base concerning the reactions of NO2 and 03 in these fluid layers is quite limited (27, 28) , it can be speculated, based upon the results of the mucociliary clearance assays presented here, that any H + produced by NO2 reaction with water may be adequately buffered by the mucus, without a resultant change in viscosity. On the other hand, 03 in addition to being more potent than NO2, is more readily removed in the conducting airways proximal to the terminal bronchioles than is NO2 (26) ; this may provide some explanation for its ability to alter mucociliary clearance.
Although NO2 was ineffective in the tracheobronchial region, it did alter macrophage function, indicating that doses penetrating down into the alveolar region were capable of inducing a response. In addition, although no statistically significant effects on mucociliary clearance followed 2-hr exposures of rabbits to 03 at < 0.25 ppm, exposures to 0.1 ppm did alter the phagocytic activity of macrophages recovered by lavage from exposed animals. Again, these regional response differences to 03 and NO2 may be due to the dose distribution pattern of the inhaled 
